Axial tar and gas profiles are measured in fluidized bed and freeboard. Most tar compounds are released at the beginning of the freeboard. Inside the fluidized bed heterocyclic tar compounds are hardly measured.
Introduction
Environmental problems and the growing shortage of fossil fuels make it necessary to use alternative energy sources. Wind and solar power currently have the highest growth rate in Europe but have the disadvantage of being intermittent [1] . In contrast to these fluctuating sources, biomass can deliver power on demand. Furthermore, the production of hydrogen, synthetic natural gas (SNG), liquid biofuels or basic chemicals like dimethyl ether is possible using biomass [2, 3] . For the latter utilization paths, the gasification of biomass is the first process step and the production of a nitrogen free product gas is beneficial. To produce such a high quality product gas, allothermal steam gasification in fluidized beds seems to be a promising way [4, 5] .
One of the major problems in product gas utilization is the production of condensable hydrocarbons, known as tar, during gasification. A detailed description of tar formation during gasification has been made by Milne and Evans and can be found in [6] . Milne and Evans describe the following evolution of tar: When biomass is heated up to pyrolysis conditions, primary tar compounds like levoglucosan, glycolaldehyde and furfural are formed as fragments of the biomass compounds cellulose hemicellulose and lignin. These compounds break up at further temperature increase and form the secondary compounds phenolics and olefins. Both, primary and secondary tar compounds contain oxygen and are therefore reactive and relatively easy to destroy. A further increase in temperature leads to the formation of tertiary tar compounds, aromatic ring systems that are formed out of the fragments of primary and secondary tar compounds. These tertiary products are very stable and can have a very high dew point.
Tar is a problem whenever the gas temperature cools below the tar dew point, since fouling and blocking of equipment will occur [7] . Therefore prior to further gas use (e.g. in an internal combustion engine ICE), the tar content has to be reduced drastically by primary or secondary measures [8] . At this time no fluidized bed gasifier can directly reach the limits for use in an ICE. Secondary gas cleaning and conditioning steps are indispensable and can be facilitated by a low initial tar content.
A first step in improving fluidized bed systems is to understand what happens in the reactors. Most investigations on fluidized bed gasification report about experimental data measured downstream of the gasification reactor and conclusions on the events inside the reactor are difficult. Nevertheless, some experimental facilities are equipped with several sampling points distributed along the axis of the gasification reactor. The main studies on this topic were carried out by the following researchers.
Padban and Bramer [9] use an air-blown bubbling fluidized bed reactor with a fuel input of 1 kg/h. They measure the tar composition at two heights in the freeboard after a residence time of 0.5 s and 1.3 s. The tar measurement is performed using the solid phase adsorption (SPA) method [10] and the tar species are sorted into the five class system proposed by the Energy research center of the Netherlands (ECN) [9] . The authors monitor a decreasing content of class 2 components with increasing residence time in the freeboard and an increasing content of class 3 components. Since the fuel is introduced on one side of the bed in their facility, the gas profile is not axisymmetric and different effects interfere. The results for class 4 and class 5 components cannot be interpreted.
Kiel and Van Paasen [9, 11] use an air-blown bubbling fluidized bed gasifier with a fuel input of 1 kg/h. They measure the tar composition by SPA after different residence times in the freeboard (1.2-5.4 s). With increasing residence time in the freeboard, the class 2 components are reduced significantly and the class 3 components decrease moderately. The polyaromatic compounds of class 4 and class 5 tar components are increasing with increasing residence time. The number of unknown tar species is reduced significantly with increasing residence time in the freeboard.
Ross et al. [12] use a steam/air-blown bubbling fluidized bed gasifier with a fuel input of 20 kg/h. Their facility allows product gas to be sampled from the freeboard and also directly from the fluidized bed. The authors do not measure tar directly but use the concentration of gaseous C 2 and C 3 components as a tar indicator. These components increase inside the fluidized bed and have a maximum in the freeboard.
The motivation of this study is to investigate the processes inside the fluidized bed of an allothermal steam blown gasifier. The focus is on the axial tar-and gas profile and the location of the release of the tar species.
Materials and methods

Experimental facility and measurement equipment
The experimental facility used in this work is described elsewhere in detail [13] . Fig. 1 shows a simplified flow sheet. The gasifier is an allothermal bubbling fluidized bed reactor that uses steam as a gasification medium. The steam flow is controlled by a control valve and a coriolis mass flow meter type Rheonik (RMH 04 GET 2). The gasifier is heated electrically and the heat is transported via four high temperature heat pipes, which use sodium as a working fluid, into the fluidized bed. The axial temperature profile is measured with 15 thermocouples equally spaced along the axis inside the reactor vessel. The dimensions of the reactor are 154 mm of internal diameter and a length of 1500 mm. The heat pipes have a diameter of 20 mm and a length of 660 mm inside the fluidized bed. The biomass particles enter the reactor via a drop tube that ends 200 mm above the bottom. A screw conveyor is used to transport the biomass particles into the drop tube. The drop tube is flushed with a small amount of nitrogen (120 Nl/h) to prevent product gas from entering the fuel feeding system.
The flow dynamics are influenced by the heat pipes and the drop tube to some extent and lead to the formation of a slug flow (see [14] ). Under slug flow conditions the rising velocity of a bubble is influenced by the walls. Slug flows occur often in nonindustrial-scale bubbling fluidized bed facilities due to the relatively small diameters and this fact has to be taken into account for scale up.
The product gas exits the reactor and is cleaned in a cyclone and a ceramic candle filter. The main fraction of the product gas is burnt in a flare. A sampling probe is used to withdraw product gas directly from the gasifier for analysis of main gas components and the tar composition. This sampling probe consists of a sinter metal filter and a high temperature resistant stainless steel tube with an internal diameter of 4 mm. The sampling probe is connected to the gas measurement equipment and the product gas is removed using a diaphragm pump. Any axial position can be reached within the gasification reactor to remove gas, while the sampling probe is sealed and hold in position by a gland seal.
The main dry gas components CH 4 , CO, CO 2 and H 2 are analyzed with an IR gas analyzer (type S700, Sick Maihak). The total H 2 O content is measured in the slip stream of the sampling probe using a dielectric sensor (type EE31-D, E+E Elektronik). A psychrometer for steam measurement (type Hygrophil-H, Bartec) is installed in the main gas line after the gasifier. The comparison between the steam value at the highest location in the freeboard and the steam value in the main gas line is used to define a steam measurement error. The wet gas composition is calculated with the dry gas composition and the total H 2 O content y i;wet ¼ y i;dry Á ð1 À y H 2 O Þ where y i,dry is the volume concentration of a dry gas species and y H 2 O is the total volume concentration of H 2 O in the product gas. The error of the wet gas composition has been estimated and includes the error of the measurement devices and the propagation of uncertainty through the calculation.
Tar analysis is carried out by taking SPA samples from an access point installed in the sampling probe. The sampling probe is heated above 350°C until this sampling point to avoid tar condensation. Due to the pump, the gas inside the sampling probe has an absolute pressure of 800 mbar for the lowest measured axial position of 200 mm and 900 mbar for the higher axial positions. This complicates the SPA sampling since it has to be ensured that no air is entering the system. For this reason no septum was used but a swagelok fitting with a clamping ring of polytetrafluoroethylene (PTFE). The pressure inside the sampling probe is monitored at the sampling point to correct the analyzed product gas volume that is drawn over the SPA sample. Table 1 contains the operational parameters during the experiments. The gasifier is heated up to the final temperature of 800°C and fluidized with steam. The temperature is constant in the fluidized bed section, fluctuations are as low as 5 K. No temperature drop at the point of steam injection is monitored, hence it can be assumed that the steam temperature is 800°C as well. The operational parameters are kept constant throughout the whole duration of each measurement series. After starting the gasification the gasifier is operated for 2-3.5 h before beginning with the measurements to ensure a stationary state. This is necessary since in the beginning of operation char accumulates in the reactor and influences the gas and tar composition during start up. The sampling probe is positioned at the requested height and product gas is removed with the pump. The values of the main gas components are monitored online. After reaching a stable gas composition the sampling probe stays in this position for 15 min. After this time, two tar samples are taken using the SPA method [10] . Therefore 100 ml of product gas are drawn with a syringe over an amino phase column. Finally the sampling probe is positioned to the next height.
Measurement procedure
Three assumptions are made concerning the processes inside the reactor and the sampling probe.
The sampling probe does not disturb the flow behavior inside
the fluidized bed reactor. The assumption is justified since only %1/25 of the product gas flow is withdrawn in the sampling probe. The possibility of overrepresenting the bubble phase in the withdrawn gas is discussed in Section 2.5 and is addressed in Section 3.
The time averaged gas composition is uniform in radial direction.
The assumption is justified because of the good mixing in a bubbling fluidized bed. 3. The chemical reactions inside the sampling probe are negligible in comparison to reactions in the reactor. The assumption is justified since the residence time is shorter by a factor of %20 inside the sampling probe. The residence time in the hot section of the sampling probe is in the range of 0.02-0.05 s.
Two series of measurements are presented in this study with different heights of bed material. For the first series of measurements the bed height was in the range of 400-500 mm, the second measurements were performed at a bed height of 800-900 mm.
Tar measurement
The tar was measured with the SPA method that is a commonly applied method to analyze tar compounds larger than benzene [15] up to coronene [10] . In the sampling procedure, product gas is drawn over an amino phase where the tar compounds are adsorbed. The tar components are eluded from the amino phase with dichloromethane and analyzed in a gas chromatograph. The samples are analyzed in-house using gas chromatography and a flame ionization detector (GC-FID). Therefore an Agilent GC (7890A) and an autosampler (G4513A) are used. The column is an HP-5 (30 m, 320 lm, 0.25 lm) as stationary phase H 2 is used. The GC-FID is calibrated for the most relevant 14 tar compounds. Unknown components that are present in the samples are included in the total tar sum. The unknowns are sorted into one of the five tar classes proposed by ECN [9] according to their retention time. The class 1 tars cannot be detected with GC, class 2 represents the oxygen containing heterocyclic compounds which are water soluble and class 3 to class 5 represent aromatics with increasing ring number.
For the calculation of the tar concentration in g/m 3 at standard temperature and pressure (STP) it is assumed that the steam contained in the product gas is condensed in the amino phase and does not enter the syringe in vapor form. With this assumption the volume refers to dry product gas.
A high amount of steam in the product gas influences the adsorption behavior of the amino phase. The amino phase is placed on a support of silicagel that is highly hygroscopic. The steam reduces the surface that is available for the adsorption of tar compounds. This leads to higher errors for the tar measurement in very wet product gases and has to be taken into account.
An error was estimated for the values presented in this work and is indicated in the graphs. This includes uncertainties of the sampling procedures as well as statistical uncertainties of the analysis. If no error bar is shown for a measurement point only one sample could be analyzed and the measurement error cannot be estimated.
Biomass and bed material
Wood pellets with 8 mm diameter and a length of 15-25 mm are used as biomass feedstock (provided by the company Lantmannen, Sweden). Proximate and ultimate analysis (Vario Macro CHNS analyzer) are given in Table 2 . The pellets are commercially available under the trading name Agrol and are a blend of 80% spruce and 20% pine.
Silica sand (SiO 2 ) is used as a bed material. The average particle size is 0.25 mm, the particle density is 2650 kg/m 3 . The bulk density of the fluidized bed during operation is between 1050 kg/m 3 and 1500 kg/m 3 . The fluidization number (see Table 1 ) is calculated with the approach presented in [14] . The superficial velocity in the reactor u s is estimated with the steam mass flow _ m st , the steam density q st and the free cross section of the fluidized bed A f by 
The value of 5.8 ensures proper fluidization and mixing of biomass particles and bed material.
Gas sampling from fluidized beds
Following the two phase theory, bubbling fluidized beds consist of the particle containing suspension or dense phase and the particle free bubble phase [16] . To describe the gas composition correctly, the time mean concentration based on flow through both phases needs to be measured [17] . With a sampling probe one phase (e.g. the bubble phase) can easily be overrepresented in the extracted gas flow. This can lead to erroneous interpretation of the measured data if the concentration in bubble and dense phase differ greatly. In the case of the experimental facility used, the gas compositions will differ in the bottom part of the bed: The bubbles initially contain only the fluidizing agent steam and in the dense phase the fresh fuel particles are devolatilized. Along the bed height, mass transport between both phases leads to mixing of the two gas flows. At the top of the bed the bubbles break up and both gas streams are mixed in the freeboard. To what extent the two gas flows are already mixed in the bed itself cannot be predicted but has to be concluded from the measured data. Hence great care has been taken in the interpretation of the results to exclude the possibility that the above described effect is responsible for the measured axial gas and tar profile.
Results and discussion
The axial evolution of the tar and gas composition is discussed in this section. The detailed tar results for the two different bed heights are presented in Tables 4 and 5 . For the discussion, the tar species are sorted into the five class system proposed by ECN [9] . The values that are presented for the gas composition are mean values over a time period of approximately 15 min. The values presented for the tar composition are mean values from two samples.
Axial evolution of the gas composition
Figs. 2 and 3 show the axial gas profiles of the two investigated bed heights. A mass balance of the elements C, H and O has been made based on the measured input flows of steam and biomass pellets, the ultimate analysis of the pellets and the wet gas composition of the product gas at the exit of the gasifier. The closure of the mass balance is acceptable, it can be found in Table 3 .
The H 2 O value is the most important of the gas values for two reasons:
1. It is required for the calculation of the wet gas composition. 2. can be used as an indicator to what extent the pellets have already degassed: the lower the steam content, the higher the content of gas originating from the pellets. In our experiments only around 20% of the injected steam takes part in reforming and shift reactions, the rest exits the gasifier unchanged. So a decrease in the H 2 O means mainly a source of dry gases and a slight consummation through reforming and shift reactions.
In the lower part of the bed the product gas consists mainly of H 2 O (concentration by volume 80%). This can be monitored for both bed heights. A high H 2 O in the lower part of the bed can be expected, since the wood pellets have released only a fraction of their volatile content. A great portion of the fuel is still in solid state. With higher axial position, the volume concentration of H 2 O decreases and reaches a value of 40% to 50% in the freeboard. The reason is the release of volatiles and the formation of the dry main gas components inside the fluidized bed. A relatively stable gas composition is monitored in the freeboard. The main gas components CH 4 , CO, CO 2 and H 2 are increasing continuously inside over the bed height and have a maximum at the end of the bed. Both measurement series show a minimum in the volume concentration of H 2 O. For the first measurement (Fig. 2) this minimum is detected around 500 mm, but is only in the range of the measurement error. For the second measurement ( Fig. 3 ) this point is monitored in the range from 700 mm to 900 mm and is very distinct. The location of the minimum therefore depends on the bed height and occurs in the transition zone of the fluidized bed and the beginning of the freeboard. A reason for this behavior could be up floating, partially degassed pellets. These pellets release their remaining volatiles on the bed surface, thus decreasing the volume concentration of steam. Furthermore, the remaining char reacts with steam in the heterogeneous water-gas reaction (1).
The difficulty in withdrawing gas samples from inside a fluidized bed has been addressed in Section 2.5. The possible impact on the measured gas profile is discussed in the following. An important effect could be that bubble phase or dense phase is overrepresented in the measurements. As mentioned in Section 2.5, the bubbles contain initially only steam and if bubble phase and dense phase are not well mixed, a sharp drop in the steam content should be measurable in the freeboard where the bubbles break up if the bubble phase was overrepresented before. For the lower bed (Fig. 2) at the beginning of the freeboard no sharp drop in steam can be detected, the volume concentration of all gases does not change significantly from the axial position 400 mm to 1050 mm. We assume that in this measurement both phases are equally represented. For the higher bed ( Fig. 3) even an increase in the steam value from 900 mm to 1100 mm can be indicated. This indicates that either steam is consumed in this area as discussed above, or that the dense phase has been overrepresented.
Summary of axial gas profile results
One can indicate three zones in the fluidized bed gasifier: the fluidized bed where a major part of the volatiles are released, a transition zone between fluidized bed and freeboard where partially degassed particles release the rest of the volatiles, and the freeboard. This is independent of the absolute bed height and can be observed for the lower bed of 400-500 mm as well as for the higher bed of 800-900 mm.
Axial evolution of the tar composition
The problem that bubble-or dense phase can be overrepresented in the withdrawn gas is not of such great importance in case of the tar measurement. As mentioned in Section 2.3, 100 ml of dry gas are sampled since the steam condenses in the SPA sample. Hence the basis of the tar concentration c tar is always the dry product gas and the unit is ½g=m 3 dry . The total mass flow of tar _ m tar at each height then depends on the volume flow of the dry gases _ V dry with:
According to the measured gas profiles, the volume flow of the dry gases increases continuously along the axis.
Tar sum
In Figs. 4 and 5 the profiles of the measured total tar sum are presented. For both measurement series the tar concentration increases from bottom to top of the gasifier. With the increasing release of the volatiles that was discussed in Section 3.1 the tar concentration also increases as expected. The highest tar concentrations are measured just above the bed in the splash zone for both cases. In case of the 400-500 mm bed the highest value is 6.1 g/m 3 (STP). The highest value in the 800-900 mm bed is 8.7 g/m 3 . This difference must not be linked to the height of the bed. The lower bed produces less tar because it contained a higher amount of char that is beneficial in tar destruction (see [18] ). Clearly recognizable for the lower bed (Fig. 4) is a sharp increase in the tar concentration at a height of 400 mm. For the higher bed ( Fig. 5 ) this sharp increase is found at 900 mm. For both cases this increase coincides with the beginning of the freeboard. Here a major part of the tar concentration seems to be released. As mentioned in Section 2.3, a high volume concentration of H 2 O in the gas leads to reduced tar adsorption on the SPA sample. Since the H 2 O changes significantly along the axis it has to be discussed whether this effect dominates the measurement. For the lower bed, the volume concentration of H 2 O changes from 58% to 46% from 300 mm to 650 mm while the tar concentration increases by a factor of 10. For the higher bed, the volume concentration of H 2 O changes from 43% to 40% from 400 mm to 1100 mm, the tar concentration also increases by a factor of 10. It is highly unlikely that this tremendous increase in tar is only caused by a reduced adsorption behavior due to the relative small differences in the H 2 O concentration.
The evolution of the tar classes is presented in Figs. 6 and 7. As already mentioned, the unknown tar species are assigned to one of the tar classes according to their retention time. The class-specific results are discussed in the following.
Class 2 components (heterocyclic)
For the lower bed ( Fig. 6 ) these tar species are not measurable at the bottom of the bed. A significant amount can be measured from 400 mm on.
For the higher bed ( Fig. 7 ) more values are available leading to a better resolution of the profile. In the first 700 mm inside the fluidized bed only very low amounts of class 2 components are measurable. Also no increase of these components can be monitored inside the fluidized bed. It seems that the presence of the hot bed material leads to an efficient conversion of the oxygen contain-ing class 2 tar species. A sharp increase can be observed at the beginning of the freeboard. The tar concentration increases further in the freeboard.
Class 3 components (light aromatic)
For the lower bed no class 3 species can be detected at the lowest measuring point. The value at 300 mm is significantly higher compared to class 2 tars and at 400 mm one can again observe the sharp increase. In the freeboard the value is rising further, even so the last value contains a larger uncertainty.
For the higher bed, class 3 components are measurable from a height of 300 mm and higher. These species increase continuously up to a height of 700 mm. This differs greatly from the class 2 components which are not rising over the bed height. A possible explanation is the formation of class 3 species out of the class 2 species after they dissociate the hetero atoms, e.g. the formation of toluene out of cresol. The sharp increase is again observed at the beginning of the freeboard. The profile in the freeboard cannot be fully explained. First, one observes a sharp decrease from 900 mm to 1100 mm, followed by an increase. This behavior of the class 3 species is caused by changes in the toluene concentration (see Table 5 ), the o-xylene/styrene and indene concentration do not show high fluctuations in the freeboard. A possible explanation is that toluene was lost from the SPA sample before elution. Since toluene has the lowest boiling point it is the tar compound that is mostly affected by temperature before elution.
Class 4 components (light polyaromatic)
For the lower bed, class 4 tars are the only class that can be measured also at the lowest location of 200 mm. The value increases inside the bed and also shows an increase at the beginning of the freeboard. This increase is not as distinct as that observed for the class 3 components. The values increase further in the freeboard.
With the higher bed, class 4 components can also be detected at 200 mm. They increase slightly inside the bed, but not as distinctly as the class 3 species. At the beginning of the freeboard they increase significantly, higher in the freeboard the concentration does not change significantly.
Class 5 components (heavy polyaromatic)
Class 5 components have the lowest concentration of all tar classes. For the lower bed, class 5 species are only measurable after 500 mm. For the higher bed, they are also only detectable in the freeboard. The large polyaromatic tars are formed out of smaller ring systems, e.g. by a Diels-Alder mechanism or energy rich radicals at high temperature (see [19] ). The presence of high amounts of steam in our experiments might be the reason that they cannot be formed.
Summary of axial tar profile results
Inside the bed, only a low tar concentration can be measured. Although a large amount of dry gases has been formed inside the bed, the emitted tar seems to be converted in the presence of the hot bed material. Especially the reactive class 2 species are hardly measurable inside the bed. At the beginning of the freeboard the tar concentration increases significantly, most likely emitted from partially degassed fuel particles floating on the top of the bed. Without the presence of the hot bed material the tar concentration stays mostly constant in the freeboard of our gasifier.
Mixing of biomass and bed material
The location of the tar release is linked to the location where the biomass particles are degassing. It is briefly discussed whether the biomass particles are mixed with the bed material or tend to float up to the bed surface where they react.
Ottmann [20] carried out investigations in cold gas bubbling fluidized beds and found three conditions that have to be fulfilled for proper mixing:
1. a high fluidization number, 2. small fuel particles, 3. and a high fuel density.
The fluidization number is significantly higher than required for minimum fluidization (see Table 1 ) hence the first condition is fulfilled. In comparison to wood chips, the typical fuel for biomass gasification, wood pellets can be regarded as small and also the second condition is satisfied. The fuel density is high for a fresh wood pellet (approximately 1100 kg/m 3 ), the bulk density of the fluidized bed is between 1050 kg/m 3 and 1500 kg/m 3 so this condition is fulfilled initially. Due to the release of the volatiles the density is reduced with prolonged residence time. An estimation of the residual char density is in the range of 200-400 kg/m 3 . Hence the residual char is light enough to float on the surface. This is observed after shut down of the gasifier in form of a layer that is rich in residual char on top of the bed material. During degassing a biomass pellet gradually reduces its density and will float up at a certain threshold value before all volatiles are released. It is reported by Solimene et al. that degassing of a particle in a fluidized bed results in an additional lift force [21] . It is concluded from these considerations that partially degassed particles float on the bed surface and release the remaining volatiles. Since the particles stay in this zone until they are completely degassed, at this point a concentrated source of volatiles exists.
Conclusions
This study reports experimental results of allothermal steamblown bubbling fluidized bed gasification of biomass. The focus is to investigate the processes inside the fluidized bed by measuring axial gas and tar profiles.
In the gasifier used the tar that is released inside the bed can be efficiently converted in the presence of the hot bed material. This is concluded from the high volume concentration of dry gases in the upper part of the bed and the low tar concentration at the same point. The transition zone between bed and freeboard seems to play an important role in the release of tar compounds. Here the largest amount of tar is released through partially degassed particles that float on the bed and release the remaining part of the volatiles. For the lower bed approximately 80% of all tar is released in this zone, for the higher bed approximately 70% of the tar is released.
To produce a product gas in fluidized beds with a low raw tar concentration the up floating has to be kept to a minimum.
